I
mproved survival of preterm-born infants over the last 2 to 3 decades means that up to 10% of young adults have been born prematurely. Recently, these adults have been identified as having distinct differences in left ventricular size, function, and mass. 1 This observation is consistent with earlier animal studies that identified abnormal maturation and accelerated postnatal cardiomyocyte hypertrophy related to preterm birth. Altered cardiomyocytes were also found in right ventricular tissue, 2 and we hypothesized that preterm birth would be associated with differences in right ventricular size and function in humans.
Clinical Perspective on p 720
In addition, we predicted a greater impact of preterm birth on the right ventricle than the left because the immature, preterm right ventricular cardiomyocytes need to undergo more extensive remodeling at birth. 1, 2 During the postnatal period, the right ventricle switches from being a thick-walled chamber that provides 66% of cardiac output into the systemic circulation through the ductus arteriosus to being the thin-walled, crescent-shaped chamber that supplies the lower pressure pulmonary circulation. [3] [4] [5] [6] To be able to test these hypotheses, accurate quantification of the complex geometry of the adult right ventricle was required. Cardiovascular magnetic resonance provides the optimal imaging modality for right ventricular assessment with its capability for high-resolution, multiplanar images that can be analyzed without reliance on geometric assumptions. 7 Standardized guidelines have been developed for accurate characterization of right ventricular volumes and mass with cardiovascular magnetic resonance. [7] [8] [9] [10] We have used these to study for the first time the long-term impact of preterm birth Background-Young adults born preterm have distinct differences in left ventricular mass, function, and geometry. Animal studies suggest that cardiomyocyte changes are evident in both ventricles after preterm birth; therefore, we investigated whether these young adults also have differences in their right ventricular structure and function. Methods and Results-We studied 102 preterm-born young adults followed up prospectively since birth and 132 term-born control subjects born to uncomplicated pregnancies. We quantified right ventricular structure and function by cardiovascular magnetic resonance on a 1.5-T Siemens scanner using Argus and TomTec postprocessing software. Preterm birth was associated with a small right ventricle (end diastolic volume, 79.8±13.2 versus 88.5±11.8 mL/m 714 Circulation
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and related perinatal factors on the right ventricle in a large prospective study of adults born preterm. 1, 11, 12 
Methods

Study Population
We have prospectively followed up individuals born preterm between 1982 and 1985 since recruitment at birth to randomized feeding regimens. The initial cohort of 926 subjects (birth weight <1850 g) underwent subgroup review during childhood and adolescence. Of these, 240 agreed to be recontacted, and 102 of these subjects, between 23 and 28 years of age, were able to attend an appointment in Oxford for detailed cardiovascular phenotyping as previously described. 1, [11] [12] [13] We recruited 102 young adults born term to uncomplicated pregnancies with age and sex distributions similar to those of the preterm-born young adults via advertisement to undergo identical investigations. An older group (30 term-born individuals a decade older with a similar sex distribution) was also recruited to characterize normal agingrelated cardiovascular changes. All data were coded with subject-and study-specific identifications (eg, EVS001) to ensure anonymity and blinded analysis. The study was registered at www.ClinicalTrials.gov (NCT01487824); the protocol and recruitment strategy have previously been reported. 1, 11, 12 The study was approved by the relevant ethics committee (Oxfordshire Research Ethics Committee A: 06/ Q1604/118), and all participants provided signed informed consent.
Study Visit
Anthropometry and Lifestyle Questionnaire
Subjects attended in the morning after a 12-hour overnight fast. Height was measured to the nearest centimeter and weight to the nearest 0.2 kg with subjects wearing light clothing using a combined digital height and weight measurement station (Seca, UK). Data on medical history, smoking, parental medical history, and lifestyle were obtained with a validated questionnaire.
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Blood Samples
Blood samples were drawn, centrifuged, separated within 30 minutes, and then stored for later analysis at −80°C. Fasting blood biochemistry was measured at the Oxford John Radcliffe Hospital Biochemistry Laboratory using routine validated assays with clinical-level quality controls.
Blood Pressure
Three brachial blood pressure measurements were recorded on the left arm with an automatic digital monitor (HEM-705CP, OMRON, Japan), and the second and third measurements were averaged for analysis. [11] [12] [13] Aortic blood pressure was assessed by left radial artery applanation tonometry to derive ascending aortic pressure waveforms (SphygmoCor Analysis System, Australia).
Cardiovascular Magnetic Resonance
Cardiovascular magnetic resonance was performed on a 1.5-T Siemens Sonata scanner. Steady-state free precession cine sequences were used to acquire localization images followed by optimized left ventricular horizontal and vertical long-axis cines. These were used to acquire a steady-state free precession short-axis stack aligned to the left ventricle to obtain coverage of the entire left and right ventricles with a slice thickness of 7 mm and an interslice gap of 3 mm. All cardiovascular magnetic resonance imaging was prospectively ECG-gated with a precordial 3-lead ECG and acquired during end-expiration breath holding. Image acquisition parameters for the steady-state free precession images were as follows: echo time, 1.5 milliseconds; repetition time, 3.0 milliseconds; and flip angle, 60°. The short-and long-axis steady-state free precession images were stored on a digital archive for postprocessing.
Quantification of Right Ventricular Dimensions and Mass
Image analysis for right ventricular volumes, mass, and dimensions was performed offline with Siemens analytic software (Argus, Siemens Medical Solutions, Germany). Right ventricular short-axis epicardial and endocardial borders were manually contoured for each slice at end diastole and endocardial borders at end systole with a drawing tablet to reduce errors in identification of borders ( Figure 1A) . 7 Image contrast was adjusted for each slice to delineate epicardial fat from myocardium. End systole was chosen visually as the image phase with the smallest cavity area. To ensure accurate identification of the right ventricular basal slice and structures within this plane, several visual parameters were used, and images were viewed in cine mode. Right ventricular walls were distinguished from atrial walls as being thicker and trabeculated with inward systolic motion. In addition, for end-systolic frames, identification of the atrioventricular groove by its excursion was used. Because of the through-plane motion of the tricuspid valve, the upper posterior part of the right ventricle was typically identified in the basal plane at end diastole but right atrium at end systole. Basal slice contours were taken as far as the pulmonary valve. Papillary muscles and trabeculae were included in the mass measurements and excluded from the volume measurements. The interventricular septum was considered part of the left ventricle and excluded from right ventricular mass measurements. Right ventricular volume and mass measurements were indexed to body surface area.
Right ventricular length was measured at end diastole and end systole on the horizontal long-axis cine by drawing a line along the tricuspid valve annulus and measuring the length from the right ventricular apex to the middle of the tricuspid valve annulus ( Figure 1B ). Right ventricular diameter measurements were made on the horizontal long axis at end diastole within the basal third of the right ventricle, below the tricuspid valve, and at the level of the right ventricular papillary muscles ( Figure 1B ).
Quantification of Right Ventricular Systolic and Diastolic Function
Systolic function was evaluated from standard clinical parameters of ejection fraction and stroke volume. Right ventricular end-systolic and end-diastolic volumes were used to calculate stroke volume (stroke volume=end-diastolic volume−end-systolic volume) and ejection fraction (ejection fraction=stroke volume/end-diastolic volume×100%). Right ventricular shortening was calculated from linear dimensions (right ventricular shortening=(end-systolic length−enddiastolic length)/end-diastolic length×100%).
In addition, we evaluated both systolic and diastolic right ventricular function on the basis of myocardial deformation parameters assessed with TomTec 2D Cardiac Performance Analysis MR (TomTec Diogenes, Germany). 1, 15 Points were placed along the endocardial border of the right ventricle on the end-diastolic frame of the steady-state free precession horizontal long-axis cine, equivalent to methods used for left ventricular assessment, and the software tracked the motion of related features adjacent to this endocardial border ( Figure 1C ). For quantification, the septal wall was excluded, and averages of segmental strains within the right ventricular free wall were used to estimate right ventricular free wall endocardial longitudinal strain.
Statistical Analysis
Statistical analysis was carried out with SPSS version 20. Normality of variables was assessed by visual assessment of normality curves and the Shapiro-Wilk test. Comparison between groups for continuous variables was performed with a 2-sided, independent-samples Student t test or 1-way ANOVA for normally distributed data and by the Mann-Whitney and Kruskal-Wallis tests for skewed data. For categorical variables, comparison was done with a χ 2 test. Linear regression models were performed using a forced entry method. Pearson correlations (r) were used for bivariable associations, and unstandardized regression coefficients (B) were used for bivariable and multivariable regression models. One hundred two subjects per group provided us with 80% power at P=0.05 to identify a 0.38-SD difference between young adult groups and a 0.58-SD difference between each young adult group and the older adults. Results are presented as mean±SD. When multiple comparisons were performed between groups, P values were adjusted with the Bonferroni method. Comparisons between preterm-born young adults with term-born young adults were adjusted for age and sex; comparisons between preterm-born young adults and term-born young adults with the older term-born older adults were adjusted for sex. To determine the relative difference compared with the mean for cardiac measures per gestational week, we performed bivariable regression analyses with the cardiac parameter as the dependent variable and gestational age as the independent variable. The unstandardized regression coefficient (B) was then calculated as a percentage of the mean of that variable for the preterm group (ie, for right ventricular mass index, B=−0.67 g/m 2 per gestational week and mean=24.5 g/m 2 ; therefore, the relative decrease compared with the mean per gestational week was 0.67/24.5×100%=2.74%). Values of P<0.05 were considered statistically significant.
Results
Study Population
Of the 102 preterm-born individuals, 14 (14%) were born extremely preterm (<28 weeks), 56 (55%) were born very preterm (28-31 weeks), and 32 (31%) were born moderate to late preterm (32-36 weeks). As previously reported, 1 this group is representative of the original preterm cohort with similar perinatal characteristics in adult life and have no significant differences in the number of smokers, personal and family medical history, or lifestyle factors such as socioeconomic status, physical activity, or diet (P>0.05) compared with the control groups of adults born at term to uncomplicated pregnancies. However, they have a distinct metabolic profile with greater insulin resistance and cholesterol levels and higher brachial blood pressure than the term-born young adults ( Table 1) .
Reproducibility of Right Ventricular Measurements
Methods for assessing right ventricular volume and mass measurements can vary greatly. Furthermore, we and others have previously reported the reproducibility of TomTec 2D Cardiac Performance Analysis parameters for left ventricular myocardial deformation, 15 but there are limited reports of right ventricular reproducibility. 8 To ensure that our methods for right ventricle assessment were reproducible, we determined intraobserver and interobserver coefficients of variation for right ventricular parameters based on images for 20 randomly selected subjects from the study ( Table I in the online-only Data Supplement). Right ventricular peak systolic velocity, peak systolic displacement, and peak diastolic velocity measures were poorly reproducible, whereas right ventricular systolic strain and strain rate and diastolic strain rate had acceptable coefficients of variation of <15% and were used in subsequent analysis.
Right Ventricular Dimensions and Mass
Preterm-born young adults had smaller right ventricles with smaller right ventricular end-diastolic volumes compared with both the younger and older groups of term-born adults (Table 2) . This difference was also demonstrated by significantly smaller right ventricular end-diastolic length and right ventricular internal diameter in the midcavity (Table 2) . Despite smaller ventricular cavities, both the absolute and indexed right ventricular masses were significantly higher in the preterm-born young adults (24.5±3.5 g/m 2 ) compared with the term-born young adults (20.4±3.4 g/m 2 ; P<0.001), who had a mean right ventricular mass similar to that of the ; P>0.99; Figure 2 ). Preterm-born young adults had a higher ratio of right ventricular mass to end-diastolic volume (0.31±0.061) compared with both term-born young adults (0.23±0.025; P<0.001) and term-born adults a decade older (0.25±0.040; P=0.10). Interestingly, female subjects born preterm had a greater ratio of right ventricular mass to end-diastolic volume compared with male subjects (0.33±0.059 versus 0.30±0.060; P=0.02). This sex difference was not seen in the term-born group of young adults (female subjects, 0.23±0.030 versus male subjects, 0.23±0.025; P=0.86) or the older group of adults born term (female subjects, 0.26±0.048 versus male subjects, 0.24±0.029; P=0. 25) .
The greater right ventricular mass in the preterm-born young adults was inversely related to gestational age (r=−0.47, P<0.001), and when the preterm-born group was divided by categories of prematurity, there was a higher right ventricular mass of around 10% between each group (ie, extremely preterm>very preterm>moderate to late preterm; P<0.001; Figure 2 ). 
Right Ventricular Function
Stroke volume was significantly lower in preterm-born young adults compared with both term-born young adults (P<0.001) and older adults (P=0.003; Figure 3 ). Although there was only a 3% absolute difference in mean ejection fraction between groups, there was a greater spread of values in the preterm group so that 21% of preterm-born individuals had an ejection fraction below the lower limit of normality defined by our young adult control group. Indeed, 6 of the 102 preterm-born individuals had values that fell below the clinically accepted normal range (<45%) and would be defined as having mild right ventricular systolic dysfunction (range, 42% to 45%). Furthermore, 16% of the preterm-born young adults fell below the 95% confidence interval for right ventricular ejection fraction defined by Maceira et al 16 for the same age range, with none of the term-born individuals falling below this interval.
In agreement with the lower right ventricular ejection fraction, right ventricular shortening was lower in pretermborn young adults (21±5%) compared with both term-born groups (young adults, 26±4%; P<0.001; older adults, 25±5%; P<0.001). Furthermore, longitudinal peak systolic strain and peak systolic strain rate were also significantly lower (strain, −18±3% versus −21±3% versus −20±3%, P<0.001; strain rate, −1.03±0.23%/s versus −1.31±0.29%/s versus −1.23±0.33%/s, P<0.001). Interestingly, right ventricular peak diastolic strain rate was also lower in preterm-born young adults (1.09±0.30%/s) compared with term-born young adults (1.28±0.43%/s; P=0.001), who had rates similar to those of the older adult group (1.22±0.32%/s; P>0.99).
Comparisons Between the Right and Left Ventricles
We then compared the differences we had observed in right ventricular size and function in preterm-born young adults with those we have previously reported in the same individuals for the left ventricle. 
Perinatal Risk Factors and the Right Ventricle
We then performed bivariable regression analyses to identify other perinatal and adult factors related to right ventricular mass index, end-diastolic volume index, and ejection fraction (Table II in the online-only Data Supplement). We used the results of these independent bivariable regression analyses to select variables for multivariable regression analyses. Because our sample size was 102 individuals, we limited the number of variables in each model to the 5 that were most strongly related in the bivariable regression analyses. Of perinatal factors, gestational age, birth weight z score, postnatal days of ventilation, antenatal glucocorticoid exposure, and presence of a clinically significant patent ductus arteriosus in the neonatal period were included in the first model. Any independently significant characteristics were then carried over to a second model that incorporated 4 adult factors related to right ventricular parameters: waist-tohip ratio, sex, insulin, and aortic pulse pressure. For right ventricular mass index, both gestational age and ventilation were independent predictors in model 1 (P=0.003 and P=0.03), with ventilation just losing significance in model 2 (P=0.003 and P=0.06; Table 3 ). For right ventricular end-diastolic volume index, gestational age was the only variable that nearly reached significance in model 1 (P=0.08) and became significant in model 2 (P<0.001). Gestational age was the only independent predictor in model 1 (P=0.003) for right ventricular ejection fraction and remained significant in model 2 (P<0.001).
Discussion
Young adults born preterm have lower right ventricular ejection fraction, with 6% having systolic function below the clinically accepted lower limit of normal. They also have smaller right ventricles but greater right ventricular mass, similar to changes we have previously reported in the left ventricle. Although differences in both the left and right ventricles are graded by degree of prematurity, the variation in right ventricular parameters is greater, with twice the relative difference in mass per gestational week compared with the left ventricle. Data on the relevance of the right ventricle to disease development in the general population are sparse, particularly for young populations. Nevertheless, the Multi-Ethnic Study of Atherosclerosis found that clinical cardiovascular diseasefree participants with increased right ventricular mass have a significantly greater risk of heart failure and cardiovascular death, independently of left ventricular mass. 17 How the pattern of right ventricular remodeling we have observed in those born preterm compares with remodeling observed in different disease states will be of interest and may give further insight into the clinical significance of our findings in the longer term. Right ventricular systolic function is of independent and additive prognostic value in chronic heart failure and is one of the most powerful predictors of mortality in left heart failure. 18 Therefore, changes in right ventricular structure and function not only may serve as a sensitive marker of subclinical pulmonary or left ventricular disease but also may directly contribute to the onset of clinical heart failure. 17 It is plausible that right ventricular pathophysiological changes, present from so early in life, may have a greater impact on cardiac function in later life. 18, 19 It is known that, over time, right ventricular dysfunction can proceed to ventricular dilatation to maintain stroke volume. 20 This induces a negative effect on left ventricular diastolic function that, in turn, leads to further reductions in right ventricular function related to increased myocardial oxygen demands and reduced myocardial perfusion. 20 A slightly greater heart rate was evident in adults born preterm, consistent with previous observations in children born preterm. 21 However, this was proportionally less than the reduction in stroke volume, so cardiac output was significantly lower.
A proportion of the variation in mass appeared to relate to requirements for postnatal ventilation. Respiratory disease and the need for mechanical ventilation are major complications of preterm birth, 22, 23 and given the close interaction between the pulmonary circulation and the right side of the heart, this observation is plausible. Extreme changes in intrathoracic pressure and lung volume can lead to greater right atrial pressure, with lower venous return and subsequent reductions in right ventricular preload and cardiac output. 24 In addition, hyperinflation can result in alveolar distension and subsequent alveolar vessel compression, which would increase pulmonary vascular resistance and right ventricular afterload. The greater right ventricular mass therefore may represent an early persistent adaptation to this increased intraluminal pressure. 25 Alternatively, the underlying clinical indication for ventilation such as respiratory distress or infection may have led to changes in the pulmonary vasculature sufficient to have a hemodynamic impact on the right ventricle. Related long-term changes in lung function may also have a continued influence on right ventricular structure. A persistent patent ductus arteriosus during early neonatal life could also have had an impact on right ventricular afterload and in bivariable regression was significantly related to enddiastolic volume. However, the incidence tended to be higher in those born more preterm, and this factor did not survive multiple regression analysis. We can also be relatively confident, on the basis of our aortic magnetic resonance images, that these individuals did not have a persistent ductus in later life. Unfortunately, data on lung function or measures of right ventricular systolic pressures in later life were not available in our cohort but will be of interest in future investigations. Nevertheless, the key finding from the analysis was that other perinatal or adult factors did not adequately account for the strong, graded associations between gestational age and right ventricular structure and function. The pattern of changes was similar to that seen in the left ventricle. The last trimester is particularly relevant for global cardiac growth, 26 and in sheep, cardiomyocytes of both right and left ventricles exhibit similar morphological changes after preterm birth. 2 Nevertheless, the variation in structure and function accounted for by gestational age was greater for the right ventricle, which may relate to its more substantial remodeling around the time of birth. 6 Additionally, right ventricular remodeling could continue to be influenced postnatally by other known vascular modifications observed in preterm-born individuals. For example, we and others have found within the systemic circulation preterm-associated changes in arterial stiffness, 11, 12 retinal vascularisation, 27 and dermal capillary density 28 and a generalized reduction in size of the vascular tree. 29 If similar vascular changes are observed within the pulmonary circulation, they could result in abnormal pulmonary arterial impedance and pulmonary dysfunction sufficient to have a hemodynamic impact on right ventricular development.
This complex right ventricular remodeling would have been of interest to study with computational modeling techniques, as previously performed for the left ventricle, 1 but the complexity of the right ventricle has also meant that it has remained technically more difficult to perform with the approaches we have available. Inaccuracies in the quantification of the right ventricle could account for the greater variation in the right ventricle. However, our values for right ventricular parameters are comparable to age-matched values in other studies. 16, 30, 31 We also used state-of-the-art approaches for identification of borders and incorporated validation studies into our analysis. Furthermore, we performed comparisons against normal ranges derived with identical techniques in our term-born groups. Right ventricular myocardial deformation analysis is not as well validated, but we found acceptable reproducibility. Furthermore, our findings of lower myocardial systolic strain are consistent with the significantly lower systolic ejection fraction that we observed on the basis of volumetric cardiovascular magnetic resonance measures. Interestingly, myocardial feature tracking analysis also allowed us to assess right ventricular diastolic function, and we found significant impairment in those born preterm. Although of uncertain clinical relevance, changes in right ventricular diastolic function have been found in those with mild to moderate hypertension. 32 
Conclusions
We have demonstrated that young adults born preterm have small right ventricles with greater mass and furthermore that the relative impact of preterm birth is greater on the right ventricle than previously reported for the left ventricle. The impairment in right ventricular systolic function is such that 21% of young adults born preterm have ejection fractions below the lower limit observed in adults born at term. Our findings of a smaller cardiac size are strikingly similar to previous observations of a generalized reduction in size of other parts of the vascular tree in individuals born preterm. 29 A better understanding of the mechanisms underlying these changes in cardiovascular structure and function and their clinical impact on later cardiac disease development will help determine possible pathways to prevent future disease in the growing cohort of adults born preterm. ED indicates end-diastolic; and RV, right ventricular. Model 1 independent variables were gestational age, birth weight z score, days of ventilation, antenatal glucocorticoid exposure, and clinically significant patent ductus arteriosus. Model 2 independent variables were gestational age, sex, waist-to-hip ratio, insulin, and aortic pulse pressure.
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*When modeling right ventricular mass, ventilation also reached significance in model 1 (P=0.03) and therefore was included in model 2, nearly reaching significance (P=0.06).
†Significant.
